4
termed spherules (8, 9) . The alphavirus spherule has a diameter of ~60 nm, and its 43 interior is always connected to the cytoplasm by a narrow neck structure. Thousands 44 of spherules first arise at the plasma membrane and are later found also on the 45 surfaces of endo/lysosomal vacuoles (10, 11) . Recent electron tomography analyses 46 have indicated that the replication sites of flaviviruses, such as Dengue virus and West 47 6 promoter of the pUC18 templ+ construct (17) . This template was designated as 93
TshortCh. Tmax template construct was created by cloning human non-muscle 94 of template plasmid were co-transfected per well in 2 ml of MEM supplemented as 113 above. For luciferase assay with the Tmax template, three-fold higher amount of 114 template DNA was used. Renilla luciferase activity was measured as previously 115 described (17) . Hybridization was performed at 60°C overnight. The membrane was washed as 164 described (21) . Samples were then prepared for transmission electron microscopy. Briefly, samples 174
were stained with reduced buffered osmium tetroxide and uranyl acetate and 175 processed for flat embedding and ultrathin sectioning as previously described (22) . independent experiments for each construct/virus were measured. The size 230 distribution was plotted in a histogram as explained in Materials and Methods (Fig.  231   2A) . In SFV infected-cells (genome ~11.5 kb), the average spherule diameter was 58 232 nm with a standard deviation of ± 4.5 nm (n=1807) (Fig. 2B) , whereas the long 233 template yielded an average of 45 ± 5.2 nm (n=1067) (Fig. 2D) , the medium-sized 39 234 ± 3.6 nm (n=898) (Fig. 2E) , and short 40 ± 6.4 nm (n=457) (Fig. 2F) . The spherule 235 size distribution for the virus-infected sample and the medium-sized template was 236 essentially non-overlapping ( Fig. 2A) Fig. 2A) . However, there were also smaller structures, which may be 240 underrepresented, as they were difficult to find and definitely identify as 'spherules' 241 (Fig. 2F) . 242
After the detection of spherules remarkably different in size between the 243 trans-replication system and wtSFV, it was necessary to study whether the difference 244 was caused by the transfection-based system. The template construct Tmax (11.2 kb) 245 was created to address this question. Similarly to the other template constructs Tmax 246 had a fluorescent marker to identify the replicating cells and Rluc marker at the 5′ end 247 of the genome (Fig. 1A) . Although the replication efficiency of Tmax was relatively 248 low (see below), cells with efficient replication were found for CLEM analysis, and 249 spherules were measured in two independent experiments. The average size was 250 found to be 57 ± 4.9 nm (n=950), which is very close to that observed for wtSFV 251 ( Fig. 2A and C) . Therefore, the smaller spherules induced by the trans-replication 252 system cannot be due to a specific property of the system itself. 253
254
Efficiency of replication for different sizes of RNA templates. We have previously 255 characterized luciferase activity after Tshort, Tmed and Tlong transfection and shown 256 that the shorter templates produced the highest activities, which appeared relatively 257 early after transfection (17) . The replication efficiency of Tmax was also first 258 established with luciferase assays. The luciferase activity after Tmax + replicase 259 polyprotein transfection was much lower than that observed for the efficient Tmed 260 template (Fig. 3A) . Furthermore, for Tmax the difference between the template alone 261 vs. template + replicase was only observed at late time points of >12 h after 262 transfection (Fig. 3A) . In accordance with these findings, the red fluorescent signal Northern blotting showed that both the positive-strand and negative-strand 280
RNAs generated from Tshort, Tmed and Tlong templates were of the expected sizes 281 (Fig. 3D ). It appears that the template constructs alone also produce some larger RNA 282 species, which may be due to the well-known poor efficiency of T7 polymerase 283 termination signals (23) . However, these longer positive-sense RNAs did not give rise 284 to equivalent quantities of negative-strand products during replication. In the case of 285 Tshort, the longer negative-strands were most prominent, but amounted to <10 % of 286 total negative-strands. Overall, in this Northern blot analysis of RNAs within the cell 287 population, the accumulated levels of Tshort and Tmed RNAs in the presence of the 288 polyprotein were higher than that of Tlong, which is in agreement with the result that 289 on October 20, 2017 by guest http://jvi.asm.org/ Downloaded from 14 fewer cells were replication-positive after Tlong transfection (Fig. 3B) . Tlong was 290 reproducibly seen in lower quantities in Northern blotting than in RNA labeling 291 experiments. The reasons for this are not understood, but could be related to the lower 292 stability of longer RNAs, since labeling was used to measure RNAs synthesized 293 during 1 h at earlier time points, whereas Northern detected the total accumulated 294
RNAs at 16 h. Finally, it was also verified that the expression level of the replicase 295 remained constant when different templates were used (Fig. 3E) templates by the T7 polymerase (Fig. 3D) , the template plasmids were linearized after 301 the virus-specific sequences, as described in Materials and Methods. Although linear 302 DNA is not commonly used for transfection, in this particular case it worked well. 303
Replication initiated by linearized template together with circular replicase expression 304 plasmid yielded 100-1000-fold more luciferase activity than the template alone (Fig.  305   4A ). This result is comparable to that obtained with circular plasmids (17) and also 306 the overall level of activity for the most efficient template, Tshort, was only slightly 307 lower for linear DNA than for circular DNA (Fig. 4A) . 308
In Northern blotting, transfection of linear DNA only yielded a single correct-309 size band of T7 transcript in the absence of viral replicase for each of the templates 310 (Fig. 4B) . However, in the presence of viral replicase, larger negative-strand bands 311 were still visible, essentially as before (~10% of for Tshort) ( (Fig. 4B) . Thus, the 315 larger RNAs appear in the system independent of the original T7 transcripts, and 316 could not be completely eliminated. 317
In CLEM experiments with this transfection set-up, Tshort yielded spherules 318 of 32 ± 5.4 nm (n=545), Tmed 42 ± 4.6 nm (n=654), and Tlong 48 ± 7.3 nm (n=839). 319
Therefore the, spherules of Tmed and Tlong were unchanged compared to the 320 previous results (Fig. 2) , whereas the spherules of Tshort appeared slightly smaller 321 than before, and smaller than those produced by Tmed (Fig. 4C) . Therefore, these 322 results confirmed that template RNA length is a crucial determinant of spherule size. In three independent co-transfection experiments of SFV-based replicon RNA 343 together with Tmed template RNA in BHK cells, 4746 spherules were studied. In this 344 system, both cis-replication of replicon and trans-replication of medium size template 345 take place in many of the transfected cells (Fig. 5B and C) . The co-replication gave 346 rise to two clearly distinct populations of spherules with different diameters, 347
indicating that two sizes of spherules could be produced in the cells at the same time 348 (Fig. 5D and E) . The diameters of the two populations closely corresponded to those 349 observed for each of the templates independently ( Fig. 2E; Fig. 5F ). (Fig. 2A) . The smallest spherules so far were observed with the 367 linearized Tshort template, giving a diameter of ~32 nm (Fig. 4C) . The definite 368 recognition of very small spherules is challenging, which may limit our observations 369 at the smaller end of scale. 370
The current results are in direct contrast to what has been observed for two 371 other positive-strand RNA viruses, FHV and BMV (14, 16) , indicating that the 372 formation of SFV spherules is a flexible process that utilizes the replicating RNA in a 373 different manner than the two other viruses. FHV and SFV are similar in that for both 374 of them spherule formation requires the replicase proteins, RNA, and an active 375 polymerase (16, 17) . Yet, for FHV it has been demonstrated that the spherule size is 376 independent of the length of the RNA template varying over a 10-fold range (16) , and 377 so far only one size class of spherules has been observed. 378
In BMV the replicase protein 1a alone can form spherules (14) , and therefore 379 it is reasonable that the properties of this protein determine the main features of the 380 process, and the viral RNA appears to have no effect. Interestingly, smaller spherules 381 have been observed in the BMV system with some 1a protein mutants, most having 382 alterations in the membrane binding alpha helix of 1a (24, 25) . Deletion of the genes 383 for host reticulon proteins that are components of the BMV spherules, and reduction 384 in the amounts of cellular unsaturated fatty acids also gave rise to smaller spherules 385 (26, 27) . In several cases, the small spherule phenotype also dramatically reduced 386 viral RNA synthesis, suggesting that altered spherule assembly could lead to 387 functional defects. In the case of SFV spherules observed here, the replication of 388 on October 20, 2017 by guest
